A method for pressure control of self-supplied variable displacement axial piston pumps is considered. By analyzing the mathematical model, a crucial part of the nonlinear system is found to be a piecewise linear function. A control strategy composed of an overall feedforward control and a feedback control is given using the smooth hinge function. Compared with current switching feedforward control, the overall feedforward control strategy can avoid problems when switching. Simulation results and stability analysis are also presented in this paper.
INTRODUCTION 1
Electro hydraulic systems are widely used in machines and factories (Merritt, 1967) . The difficulties in supply pressure control of electro hydraulic systems are mainly caused by the obvious nonlinear dynamic behaviour of the systems (Grabbel and Ivantysynova, 2005; Manring, 2005) . To control the supply volume flow of the hydraulic supply systems, variable displacement axial piston pumps are often used. By changing the displacement of the pump via a swash plate, the supply volume flow will be controlled. There are already many works which deal with the supply pressure control of electro hydraulic systems comprising a variable displacement axial piston pump and a variable load, see Kemmetmüller, Fuchshumer and Kugi (2010) for a review of details.
In Kemmetmüller, Fuchshumer and Kugi (2010) a modelbased nonlinear control strategy is given, in which the necessary nonlinearities of the system are considered. The variable displacement axial piston pump studied is selfsupplied. This leads a switching mathematical model of the system. A control structure, comprising switching feedforward control and feedback control, is given in the controller design. Two problems would occur when switching the feedforward control and feedback control synchronously. One is that the desired trajectory may not be continuous. Another problem is that sliding motion of the controller may occur. Work presented in this paper is motivated to solve the aforementioned problems associated with the following facts. The switching part of the pump model can be represented as a continuous piecewise linear function, see more details of piecewise linear function in Wang, Huang and Junaid (2008) . Thus an overall control stagey can be designed to replace the switching control to avoid aforementioned problems. One difficulty in designing overall control stagey is that the piecewise linear function is not differentiable. By using smooth hinge function (Wang, Huang and Yam, 2010) , an overall feedforward control strategy compared with switching feedforward control strategy (Kemmetmüller, Fuchshumer and Kugi, 2010) is given. Simulation results show that the new method is suitable for control of the system. Qualitative stability analysis is presented.
Though the present work is aimed at a specific control problem, the work can be extended to designing and controlling of more general switching systems. Since smooth hinge function has good approximation capability and is differentiable, new control method may be obtained by replacing switching part of the original system with smooth hinge function.
The paper is organized as follows: In the next section, the mathematical model of the system and the description of the control mission is given. The switching feedforward control is introduced and the overall feedforward control is presented in Section 3. Simulation results are shown in Section 4. Stability analysis is the topic of Section 5. Section 6 gives the conclusions.
MODELING AND CONTROL MISSION
Schematic diagram of the electro hydraulic system and the variable displacement axial piston pump along with description of the mechanism of the system, also review of works on the mathematical modeling of electro hydraulic systems can be find in Kemmetmüller, Fuchshumer and Kugi (2010) .
The model used in this paper is proposed in Fuchshumer (2009) and studied in Kemmetmüller, Fuchshumer and Kugi (2010) . The model is given by
where p  is the swash plate angle, l p is the load pressure, a q is the volume flow into the actuator, a A is the effective area of the actuator, a r is the effective radius of the actuator,  is the bulk modulus of the oil, l V is the volume of the load, p k is the pump coefficient, l k is the unknown coefficient of the load orifice (load coefficient). In this paper, the load coefficient is assumed to be a known constant.
describes the volume flow taken from the load in order to tilt the swash plate.
  a q  is a continuous piecewise linear function, which can be represented as a hinge functions (Breiman,1993) . Hinge function is not global differentiable, as in our case   0  doesn't exist. Smooth hinge function is proposed in (Wang, Huang and Yam, 2010) , which retains the useful features of hinge function while overcoming the drawback of nondifferentiability of hinge functions. The next section shows the difficulties in pressure control of self-supplied variable displacement axial piston pumps caused by hinge function's not being differentiable globally and how to use smooth hinge function to solve the problem.
The closed loop system is shown in Fig. 1 
Switching feedforward control and feedback control
This subsection introduces the switching feedforward control proposed in Kemmetmüller, Fuchshumer and Kugi (2010) . The system is separated into two systems naturally.
For 0 a q  , we have system
And system 2  is valid for 0
In Kemmetmüller, Fuchshumer and Kugi (2010) , the feedforward control for 1  is given by
and the desired swash plate angle , , ,
The feedforward control for FB also obeys 0 a q  . The independent switching of the feedforward , the feedback control and the system can solve these problems, but will increase the difficulties in proof of the stability of the 
Overall feedforward control and feedback control
Take (1) into the second derivative of the desired load pressure, we can get
where the   (2010), it is indicated that  controls the precision of the approximation (see Fig.2 ). The approximation is more precise with a larger  .
as the overall feedforward control. By using overall feedforward control it can avoid the problems caused by switching between 
(0) 0
where D is the initial value of the load pressure. 
